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Abstract | g
'Ihcpu‘formaﬁécofnxreﬂmnlano&hmplatﬁxminﬁc
Gulf of Mexico was observed duning the passage of Hurricane
Andrew i August 1992. This event provided an opportunity to
test the procedures used for platform analysis and design. ‘A
global as was inferred for overall platform capacity and loads in
the Andrew Joint Industry Project (JIP) Phase L' It was predicted *
that the pile foundations of several platforms should have failed, -
hndldnc(."lhwemﬂtsind:cmdﬂmthelimutpedﬁcto,
foundation failure modes may be higher than those of jacket fail-
ure modes. ‘The biases in predictions of foundation failure modes
were therefore investigated further in this stidy The work in- -
cluded capacity analysis and calibration of predictions with the
ohservcdbdmviafaBjadmplatﬁmmmd3uimsusing"
Bayesian updating. Bias factors for two foundation faflure
modes, lateral shear and overturning, were determined for each -
structure.  Foundation capacity estimates using conventional
methods were found to be conservatively bissed overall,. =

Hurricane Andrew was a very intense storm that passed through |,
the Gulf of Mexico in August 1992. While most of the Gulf of
Mexico platforms were not adversely affocted by Andrew, twenty
eight steel jacket platforms were significantly damnged. All of
these were mstalled during 1948 to 1969 and were Jocated in'
water depths up to 143 feet. In addition, forty seven caissons,
installed during 1979 to 1991 in water depths up to 113 feet, were
also significantly damaged. While foundation failure was identi-
fied as the pnmary cause of damage to most caissons, it was

3
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ideuuliizedasthccnusefa-damageofaﬂymcstecljwkuplat- :
form. : .

An extreme cvent such as Andrew provides a unique oppor-
tunity to study offshore structures tested under full scale field
conditions. :By reviewing the platforms thit' sirvived, were dam-
aged, or failed during the hurricane it is possible to improve our _
lmdastandmgot'mehdmviwofplalfumdmnglargem‘;
InOctober,l993.PhaseIofajcintin<msuyprqiea,“Hmﬁcane
Andrew — Effects cn Offshore Platforms,”™ was completed. -
Thus project established that there was bias in the safety factor
(capacty 10 load ratio) by combining the analytical and observed -
behavior of 13 jacket platforms. The inferred bras is character-
iudasacmecuonneadedtohmgaml’yﬁcalmmstoagme-
ment with the observed results. t

The capacity analysis performed in Phase I of the Andrew
JIP indicated that failure of foundation elernents should have oc- 1,
curred in a majority of platforms analyzed. Since this was not
observed duning post-Andrew inspections, it was concluded that
the deterministic analysis was conservatively biased. An overall
(systemn) correction factor, with a mean of 1.2 was established.
Thiseumeﬁmfaaawasnaspedﬁctomyparﬁaﬂnrfaﬂm
mode in the jacket structure or jts foundation but rather included
failures of all types. ,

Historically, very few jacket platforms are known to have
failed due to foundation weaknesses. If not properly accounted
ﬁrlhiscmsavaﬁsninesﬁmtmoffam:hﬁmupmitymlead,
to misinterpretation of important failure tmodes in the jacket.
Therefore, it is doubly important to use the experience from be-
havinrofjad:ethmdaﬁonsdtmngi\ndrewtnoimprowwun—
dastamhngofhasesinmeﬁxmdaumcapwtym .

To investigate the bias in the foundation capacity estimates
faaedjuﬂ:uphlfcm,ﬂwAmimnPeudmlnsum(APl)
mdﬂerS.NﬁnaﬂsMamganmtchicc(MMS)ommﬁs-,
sioned a project specifically to evaluate the behavior of offshore
platform foundations during Andrew. This paper presents the
approach followed and the results obtained in the APIMMS
Foundation Study completed in May 1995 This project initally
had two primary objectives.
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DURING HURRICANE ANDREW

1 Towfcrmacahbranondprocedlmusedfa'fmndaum
capacityanalwis(lalemlandaxialmpwu&s)mamt
of existing platforms. The task included reconciling analyti-
cal predictions of platform damage and falures with ob-
savedﬁeldpufamnoethmng}\ndrcwandmﬂwydo-
termunng biases in the analytical precictions.

zaToi,denufythevanws which influence the bias

shown in Fig. 1. The methodology consists of the following three
stages of analysis

¢  Capacity analysis
®  Reliabiity analysis
®  Bayesian updating

1Capamtyanalysnsyieldsd1enmlmuallmdlcvds at which .,

m it d Bt B e Mwa il B v B kel t: 1|J.-N.j :?::‘31‘"” -wo l ":aﬁﬂm !“EmSWU‘Illd ocun.i“ﬂwiad‘-ﬁmd £

The determinanon of more realisic estimates of platform
(:apacny_hasbgctxncincm:asmglyimpchl'gant,ductonewguido—7 ,
lines for assessment of existing platforms included in the Draft*  °
Section 17, an addendum to the API RP 2A. tweaticth edition® =™
Thus section allows older platforms to meet reduced critena in the
ultimate hmit state from those used 1 new design *This docy- .
ment allows the use of nonlinear static pushover anatyss as the '
n:ostscphisticmdprooedmetomblnsllﬂleulumapaatyof
platforms "and o evaluate thexr likelthood of surviving large "
storms in therr intact or damaged state. This procedure is signifi-
cantly different than the conventional method followed at the ;
m@mge_‘.:;r.ut iy ey Bowthio e on

stestrm Yo et gt oot ey 400
APMJ 2 5",.1'1“ ‘1 AT R T TSI ER Y SR
The calibration approach mvolves a comparison of analytcally *
predlctedplaifa'mpa-fmnametoobwvedplatfamwform- )
ance. /The end result is a probability density function descnbang -
thepmdlaimhuasﬂmtmbcusedloimprovelmda’standmgof.:
platform safety Manbe L oo s ST

~.wlnpnnciple,itispos&blq(mﬁ1amghdam)to“calmm"
mcvmanparmxmlbecapaatymdloadmaimalgo-.[
rithms for stec] jacket platforms, that is to determine carrection -
factors to their nominal estmmates. - Examples of parameters are ‘>
waveheightanddragaxﬁdentmd)eloadmgudea’muial 1
ylddandsmlsu-mgthmthesuwﬂapaatysidc.l‘hcavail-u
abie information from post Andrew field inspections of platforms ™
was 100 hmited to make this approach feasible. It was concluded .1
&xatheapprcadlemsiswntw:ﬂ:mﬂabledmmmcvalmg
the caorrection to overall platform safety factors (platform capacity
to'lmdraﬁo).%'l‘heomeaionwasdnﬁnedasahasfnctu‘ﬁ”ﬂ
applicable to the computed “safety factor” of the platform: . - ¢ it

fl',q{ii..‘"hi'"'f“' Pt M by e}

¢ (R 8)rue = B(R I S)computed .. SO

ot 14y =

where R represcats resistance or strength and S represents load-
ing. B is a random variable. 'A mean valuc of B greater than 1.0
indicates that (on the ‘average) the’ current ulumate capacity ~
nnilysis'prooedtmpmvideoonsavaﬁwmﬂts.Amnvalucof'
B lcss than 1.0 indicates’ (on the average) unconservative results. '
Failure is associated with B (R/S)owpuwd being less than 1. o
f:,‘lnthisprqeetmhiasfactu's.applicabletoﬂ:efmndanon' ’
lateral (Be) and foundatiori axial (Be) capacity to load ratios of *
platforms, were deternuned using the calibration methodology '

Hadi v T i AR L R

its foundation elements. The mean ultumate capacity js defined 7}
byﬂ:enmnnnmlateralloadmg\vlﬁdacanbemstedbyﬂw

P B WL T4 I

! The reliability analysis determmes the probabihity of occur-

rence of the observed event (fatlure, ‘survival, ¢ ‘damage) by *
combining the observations with capacity analysis results, hind-
cast data, and uncertanties in vanous parameters.” The fatlure
ptobahhuumbcmumatedumgangorwsprobablhmeap-,~
m(“w)‘ E AT B T BT Y awttb, - ., i
«The Bayesian updating procedure combines a ‘prior” distri- -
hmmofmchasfaaa'(lnsedmwﬁnjage&dlhesafayfmor_:
buas before Andrew) and the new informanon from behavior of -
platf(rmsdmingmehmricane(wlnghisindudedinmefmnof:
probabrlities of occurrence of observed behaviar) By combining __
the two using standard Bayesian methods,® the updated or
“postma"dlmmumofmcbusfaaonsobtamed. .
5 ThIs calibration methodology v;vas‘devclopedinPhasehlof,.
mg,AndreleP"’,ltisdxsmssedhaunasngmipphedmde-‘ .
wnﬁnctpgdmactmsucsofmemfbuas&amipphmblctothcm
fumdanm faslure modes. ., ., Tt 3‘:‘ Y r:'—f*‘af‘r:, ;.faui.’;:'}l

1 VI TEL R TR VISR S B TR 71 NP T R
Plﬂtfom lnmumd 1 L7 e L::‘r‘w’ i:‘sz"?i"fi:f‘jh}dj
Three siee] jacket platforms out of 13 platforms investigated in ;
théAndmehaserfu'eselmdfa‘gvaluation‘mmisjsmdy.',;
Therr sclection was based upon review of their configurations, .
avahhhtydgeﬁedxniealmfmmlgﬁ.andexpeﬂeduh!xty}ot;
lhcc::alxlaratmut:rdscdcuptedwtcd\.fs.obsa‘\mdbehmrmrfmmﬂr
Phase I analyss, None of these platforms was known to have
observable damage to therr foundations from Andrew. However,
it has been determined that a foundation could have technically -
experienced failure without a visible mamfestation. Therefore, |,
additional éalibranon cases were introduced in this study, 1o
evaluate the sensivity of varying interpretatioos of the observa-
tions (faifure vs. survival for example) '

Inhwofanyjackﬂplalfa‘mcasesmﬂ:knownfmmdaﬁon|
damageavailablctomissmdy.threecnissms‘mthai'specwd
foundation damage during Andrew were selected for investiga-
tion in this study. They were included to dssess the impact on the
ﬁnmdaﬁonlatualhasfactm(&)ddamagem Because of
the obscrved farlures, ‘the caissons provided an opportunity 10 |
impmvemrehms‘mmatchmelatmlfamdaupnmpadtypm- ,
dictions. b ove Lt aw o der T A | “
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Foundation Capacity . &
The goal of this study was to determine bias factors specific to the
capacity estumates for lateral and axial foundation mechanisms.
Therefore, it became necessary to analyze additional cases for
each platform to isolate the effects of uncertainties in the various
mechanisms. The objective was to obtain relatively uncoupled *
estimates of axial (overturning) and lateral foundation capacities
for use in calibration Three analyses were performed for each
platform using the following models '

L3

L -
. To determine the cniucal farlure mode for
, . the best esumate determimstic model
i

r

LR

1

. Linear jacket and nonhnear foundation
model (jacket and ‘axial foundation fal-
iy s ures suppressed) — To estmate the ult- .
mate capacity of the platform associated
with the pile yieldmg/hinging (lateral)
mechanism. .

12 -
Case 2 analysis |,

R
LTV M * = '
Case3analysis ' Linear jacket and nonlinear foundation
. , model (jacket and lateral foundation fail-
. ures suppressed) — To eshmate the nlo-
_mate capacty of the platform associated
" with overturning ie., the pile pull-
) out/plunging (axial) failure mechanism.
'!heCachandCasﬁanalysaprovﬂedwpmm_emm“
of load levels corresponding to. filure eveats for the two pile-soil "
mechanisms in the pile/sal system, by elimnation of failures

pmdxctedinthcjad:udunmts.andbydnninmmofﬂnaxia_l .

modes in Case 2 and the lateral modes in Case 3, | ’
In the Case 2 analyses, the lateral loads which initiated first
yield and full plasticity of a pile secton and subssquently full
plasticity in several piles leading to development of a faslure ~
mechanism were determined. |In the Case 3 analyses the lateral
loads which initiated pullout or plunging of the first pile and sub- |
sequently of several piles leading to a failure mechanism forma- .
tion were determined. The ultimate capacities were defined as '
the load levels at the complete formation of failure mechamsms,

In the case of caisson platforms, the Joad levels at first yield * .

ofnsecﬁou,atmeﬁxﬂyplasﬁcsecﬁon,andatulﬁmatccapadty
were established. The ulumate capacity for some caissons with
non-compact sections 1s lunited by focal buckhing of the tubular
sections upon development of a fully plastic section and hence the
two conditions are synonymous. e
Static Pushover Analysis. The ultimate capacity estimates were

a

determuned using static pushover analysis, which is a common

approach used by the industry 1o deternune the maximum lateral

load carrying capacity of an offshare platform.

TMstancpt»shovaqms:stsofarqxwenGnm':smpshot';of
lateral wave forces acting on the platform, including any wave
forces acting on the deck. These forces are then scaled up mono-
tonically until platform collapse 15 predicted. The corresponding
base shear acting on the platform at time of failure is defined as
the platform capacity. This load can then be related to a specific
wave height that causes platform failure. Further descriptions of
the static pushover method can be found in several references >4

Such analysis requires modeling of nonhinear matertal and
geomctric behaviar of various ‘elements of a platform, Special
nonhnear elements are used to mumc the behavior of the Jjacket
braces, legs, piles and sotls In thus analysis all aspects of loading
andrmpmscmnndeledbasedonexpeaedbdmvia'.thusany*
known trases in their formulations are removed. The mean esti-
mates of component strength are used instead of the lower bound
estunates recommended in the 20th Edinon of API RP 2A for
new designs. In this project, the loading was determined using *
hindcast metocean data and the procedures given 1n the API RP
2A. A simplified procedure given in the Draft Section 17 sup-
plement to the API RP 2A was used to detegmune the forces due
to waves inundating the deck. The computer program CAP®
(CapaatyAnalwsProgram)msuscdtopamndnsamlysxs. "

'Ihenonhnearoanptmmoddusedferﬂ)csmmpushom
analysis of an 8-leg steel jacket platform 1s shown in Fig. 2. The
model consisted of a fully coupled nonlinear Jacket-foundation
system. The force-deformation relationship used to model each
of the primary elements 1s shown The piles were modeled as .
beam-column elements which carry both bending and axial loads
Nonlinear p-y (lateral), t-z (axial skin friction) and g-z (axial end
mgspﬁngsweam&wpdenodmmnnddpﬂdsal
behawior. . ' ;

‘The fully coupled nonlinear pile-scil system computer mod- .
els were also developed for caisson platforms. The caisson and its
foundation were divided into a number of nonlinear beam-
columnn elements. The deck structure and boat landing framing
were modeled #s hincar-clastic beam elements.  The sod was
represeated by nonlinear p-y and t-z springs. Y

Some of the jtems which are important to determine the es- -
tumates of platform capacity are discussed below. ~ The vanous ..
factors which influence sail shear strength and estimates of lateral .
and axal soil capacities are identified. ’ -

Material Strength. All the platforms analyzed in thus study -
wuefahmmdusingstedmtha%kxinaninalyiddsumgﬂa.
A yicld strength of 42 ksi was used to acoount for the difference
between nominal and mean yicld strength and to account for in-
ueaseinsu'cngthdmtosu'ainmtemts(mp:dloadmgm
m)lo . N .

Soil Shear Strength. The scils at the locations of the struc-
tures stuched are clays which increase in strength with depth. In
relatively shallow water these clays are typically overconsolidated
near the scabed. In some cases intermittent sand layers exist, -
howcvc:.thmwu-egmuallymﬂidmﬂylhmanddeepasto
have htle influence on lateral or axial pile behavior

Ia
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. ‘ st:ength"dataavadablemngsmwmageﬁunmeﬁ, tions ofmdmdualfammswlndimﬂumoeaxmlcapahtyéu-;?
HHI T - . [

ixties to the late exghtics, further, sotm:'ofthn:t;tringsvwnt:‘lo-',ﬂ
eatedgtoohsida‘ablqd:_stmwcsﬁ'anﬂwpla&'ammml For these |
msonsﬂwsalgataquahtyvm'iedsigniﬁcanﬂyandognsidcmblc J
judgmént ‘was required 1n the sclection of a strength profile for
useinanalysis. . v L - o0 ke
In keeping with findings from previous studies,''? the ideal- |
uqutrmgmproﬁla\yucbasedmmmﬂyonnﬁmamvanc
tests on “undisturbed samples” where possible. However, the
followang were also considered in 1ts asscssment. ,

yorow M
At il o5 8 v Behy M S PO R NS
® ... The strength rato (SJ/G.) « for . typical Gulf . of Mexico .,
., normally consobidated clay (=023) ronry i pos 2 2!

e ! The method of sampling - pushed or dniven 7T 1 2 e !
sy F St Lot oy . LA+ Nt T AL I ey
® Other strength _ tests available ~along pwith typical _
}ﬁnodlﬁcauonfaaor",-’UUandUC. . L e

L . L h ot TR SO0 SR FONCLJOOT B SRV P

® - Strength data represented in the API pilc load test data base A~
€ TSR R LI o) DS S PR LAV SRURYINN (LR N
The report to APUMMS* contains more details on the .
strength profile selection including specific profiles used. ' v ¢ n5e” .
1! 3 cwtl 1t h SRR L A
Soil Elements. ‘The soil resistance is represented by sol ..
springs which are charactenized by nonlincar p-y (lateral), t-z =
(axialshaﬁ).andq—z(analmdhwrmg)amgwwmAPlRPu
2A, 20th edihon These were modeled using the PSAS (pile-saul »
analymssystan)mnteofelamnsincludedintheCAPpmgmn. d
The static API RP 2A capacities were modeled for both p-y and t- -
z "o . . Vot o ¥ R
Lateral Soil Capacity. In this study the lateral p-y nonhincar
spings.attachedtothcpﬂenodm.wucmﬂcledmnglhcstauc
capacity estimates given in the AP1 RP 2A as opposed to the
cychic p-y springs used in newdesign. . ' ' .. Lt
nRecent mode] tests' have mdicated that for pushover type
analysis.ﬂmestauclalua!mlmtmmpmvidsabeuaulumaw .
capacity prediction, Thus is because the displacements of piles at |
ulumate loading are significantly greater than the typical test
dlsplmtsmwhichtheAPIRPZAp-ybehaviorisbasednl
Thus, it is likely that the extreme loading would cause the pile to
close any existing gaps and deform virgin soil that has not beea .
prcvimslydegaded.lfl‘hisbdmvmrisbdievedbmﬂthwuy
conservative results where the cyclic curves are used. "+ <. wei s, ¢
5 The above findings are relatively recent and have not yet A
beoummblisbedpracﬁcenagmahmdtoaﬁdemgcohs
conditions. -\ Nonetheless for assessment of exisung platforms .
againstovedoadmgﬁunhmnmes,lhccmmmo(ﬂnhm
effects should be considered in determuning unbiased estimates of
ultumate capacity of the foundation gystem. * - ¢« v, 1“7
Axial Capacity of Piles. \Nonlinear t-z springs which are
attached to the pile nodes were based on static axial capacity per i
APIRP 2A, with no reduction in the capacty. . - vl
A review of the previous research and pile load tests indi- .
cated that large uncertanties exists 1n estymating the contribu-

mami'ﬁrexample;theﬁnp-ihnionsoﬂoédmgfate(awim
rate effect),'cychc loading, reconsolidation (time effect), and ‘ag-*
ing effects, 'Which influcnce pile axial capacity are not relably
qtmnuﬁedmdmﬁhn\gebanpeﬁmBng'eﬁeasmbﬂehmal ca- '’
pacity. Therefore, they were not exphcitly included in t-z model- N
ing “The recommended factors of safety contained in RP 2A im-'
phcitly recogmize these effects, the importance of which varies
&mnplatfamtop]atfam.lfanyofﬂmceﬂ‘ectsm'tobéu-"
phuﬂytakmintomnt,ﬂmtheothacffedsmﬂdnlsoneed
to b exphicatly included to be consistent.™ ' PR
Because of the large vanabilities involved, in this study no
anmnptwasmadetoimapretmeeﬂ'ectofmdmdualfaaasothu
than pile flexsbility on the pile axial capacity esumates Pile ,
flexibility (pile length effect) effects were explicitly accounted for™
1n the capacity analysis using CAP, which models the loss of skin
finction at large pile displacements ‘The effect of other factors will
bereficcted m the bissfactor. "7
Prior Knowledge of Blases in Founglation Capacity
The results of field tests of laterally loaded piles and analyucal
predlcums.wcqanpamdina:nAPlPRACprcjed," and the
model bias and errors associated with thé API p-y static and cy-
clic curves were determumed. This work inchcated that the current
procedures predict maXimum moment response more accurately
than pile head displacéments for working stress levels. The soft
clay criterion was found to provide the best p-y curve for predict-
ing lateral response of piles in clay Mean correction factors
(uases) of 0 92 (fixed pilehead casc) and 1 08 (free pilchead case)
were determined for the lateral pile response (maxmmum bending n
moment) associated with the static loading p-y curves for the clay '
Theou-mspmdingOOVs(msinhas)mreoammndedas"'?
0.20 (fixed pile head casc) and 0 09 (free pile head case) '*1¢ '+ * 1M
" In another AP1 PRAC project, the brases associated with the
API RP 2A pile axial capacity models were determined using'a "’
probabilisic model” <‘The overall bias assoclated with RP 24, |
166 edition procedure was estimated to range from 1.3t037and
the corresponding COVs from 0.32 to 0.53 depending on how the '
undrained shear strength was determined at a given site. A major
cmmbma'toﬂntiaswas'foimdtobc'ﬂ:eloaﬂingmtceﬂ"ed
which alone has an estimated bras of 1.56 It was suggested that *
the model errors will reduce with new capacity prediction models
includedinﬂiel'hhedlﬁmngPZA.‘andﬂaeovu‘allbmsis i
more likely to range from 1.5 to 3 0 with associated COVs"
fom03004" T 0 o e
BasedoddxehPIPRACs'ﬁJd:es.thepﬁd‘dlmhlﬁonofﬂle"“
tuas factor, associated with the lateral capacity estmates of &
jackﬂfamdanmusingtheAPlstancp-ycmwasasmmdto
have & normal distribution with 2 mean of 10 and a COV of 03"
“Thé prior distribution of the overall bias in the factor of safety for "
pile axial Capacity was assumed to have a normal distribution 1*
wath a mean of 1.3 and a COV of 0 3, apphicable to piles primar- - |
ily in clay.
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) Omm&;ingdac;daﬁ\dypouq;ahty(flhedaqhwasme
consensus of the project advisory group that values of 1.5 and
above were overly optimistic. These values were believed 1o pro-’

videamscuablebnlamebetmthceﬂ'ectsdhadingwe. i

cychcdegmdat:mandd:mofm&ainedthenrtﬁmgﬂ:dsdr

. c&umm - ’ '

The objective of calibration is o update the prior distribution of
"B”(B.a-B.)inamannerconsistmtwilhlheobsu-vedbdmmr

of platforms during Andrew. The calibeation 15 achieved by us- '

vogd

inglaaymu:eoremfmmpmbammyq:ecry‘whichmages.t

‘ Jab) e f Q(b{lk (blmitfamnation).................'.....;.. (2)

in which f'a (b) is the “prior” distribution of bias facter, B, f "5 (b)
is the “posterior” distnibution, and Ik (b new information) is the

“likelihood function™ which Teflects the information about B |

contained in the new observation, The likelthood finction de- |
pmdsupouﬂle‘observedmdaplatfum,h..mviwd,dam-'_
aged, or failed during Andrew, Ths process is camed out for
bothlataalandaxialﬁilmmodwindepm«limtly. ,

Likelihood Function, 'Ibchkdlhoodddleliasﬁcta'Blﬁsr

than b, given an observed failure of a platform due o a storm
approaching from a particular direction is represented as follows
) £ t ¢
- k(b failure) = P [foalure | b}
S = P(b) A &)

e g L

in which Py(b) is the probability of failure of 2 platform at B = b.

mscmmmedhmpla:ﬁxmdmefaﬂmmob-‘
scrvedineachcase. . - e ot

‘Ihaplmﬁrmarvivalme(noobsuwddamge).d:eli%“'

lihood finction becomes: .

“K(blsuvoal) = Plsurvivalib] | A
T = 1B

[

'Ih:svfmmedﬁrjadnam.fawhid:mdamgeloﬁm- -
dation elements were observed. For a damaged platform case !

(c.g..pullunorplmgingdoneumepﬂes;dﬂdopmmtofa
hmgeinpﬂemdons).ﬂ:ehhlihmdﬁmc&m__kﬁepobabiﬁty
thatthed:suwddamgeliesinthehﬁmnt’oﬂheapuitym
loadranoaspmd:ctedbyﬂnptmovu-mabms. The predicted

@ -

s

a4

ratios corresponding to the observed damage and the subsequent

dmgcm(e.g.,mdalfailmtfcuemepﬂecchdopmmt
dasingiehingehpﬂeaecﬁons)mdmowdbya;mduqm
spectively. Tbcmxlﬁngﬁkﬂihoodﬁmcﬁmﬁradamagepm-
form case would be:

4

k(b damage) = Py(ct; b)- Py (ots b) ®

’Iheabovehkehhoodﬁmmms.fr‘n'amgetfvalmof“b.”
rep:mtlheinfwmﬁmabauliasfam:(&md&)om—

-

tamned in the observed behaviar of an individual platform. Add-
tional descripion of likelihood fimctions is given in OTC 74733
and OTC8077.Y ' | 7 e o e
. The combumed hkelihood finctions of By or By, given the
observed behaviar of a number of platforms with a combination
dmvals.damages,andﬁdmisobminedbydlmnnﬂuph-
eaﬁmofmeﬁkd:hmdctnmfcrewhdmeindmdualplat-
forms as follows, L R

' tk(Bjn -observanon:s')= ‘"kg ' [Ih (Hobservation I)] «(6)
E L} Ll "P rm * i e o
» i "

S
i r

R

-
5

Probability of Failure. ‘The probability of failure (Eq 4) was
mhnatadheadzplat&rmﬁxdlﬂiimt“b"valmammﬁng
P(b) =P[bR/S < 1}, in which R and § are considered as random '
variables, Thefnﬂmplubaﬁlityfamﬂa&mwisgiminmc
for storm bour segments with high wave heights. The 1992 An- |
drew hindcast’ was usedinthisstudy, 'm0 f A’ ¢
The load, S, represents the maximuth 35ad on the structure
during Andrew. 'Ihcloadismuentedbythebaseshm.BS.
obtained ﬁrdxﬂiumtcomﬁnanmcfmhdght(h)andar—_
mt(u)bymmqiﬁmlﬁrmﬂaﬁmgivminﬂwl\ppmdm‘me
bmmﬁmofmempadty(k)isrquwdbyﬂ:eulumam
capadtyofapmnobtainedﬁunmesmﬁcpmhovamalm )
'Ihcunccmintisanddismmﬁonsofvaﬁmsq\mﬁﬁesin
theequaﬁmsinAppendixtAaremquirgdﬁrevaluaungthc
probability of faiture, The distributions And variances given in

hﬂelmwhmmmaﬁmbgmmm

kndkvds,andmpadﬁesmneghcted.
Bias Factors. Thcmﬁnedlikdlhoodﬁmcﬁmsdcvﬂcpedﬁrg

number of platforms in Eq. 6 are then used to establish distribuy-
tion of two bias factors, By and By, using Eq. 2. ‘The mean values

and COVs of the posterior chstributions are then deterrmned. The
postuiamcanvaluesstidm&fyﬁm(ommmornm{
conservatism) in the analysis procedures, The shift from the prior
wlhepmkrmnmlbeeﬂ‘uaoﬁnﬁrmaﬁmcmﬂng

from the Andrew experience, The COV represent the remaning \

uncertainty in the true value of the two bias factors.
t '

Application to Platforms ' oo
'Iheeahbraﬁonpmoesswasappliedwhteeljackctphtfams

and 3 caisson platforms. Of 3 jacket platforms, none was
observed in inspection to have foundation damage due to An- *

dn:w.whawthemucmesoftwoofthesemsigniﬁcanﬂy
damaged. Of these three, two had predicted damage to the
foundation. One jacket platform was predicted to have no
damage in either jacket or foundation and in fact had none.
All 3 caissons were damaged due to Andrew, .

Asnmmmyofthekcyfeanmofdmeplatformsisgiven ’

in Tablez.'lheunch'ainedshcarmength of the so1l varied
from 0.5 t0 0 7 kips/sq ft. at the mudline and from 1.1 to 1.6

"w

y

r
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laps/sq ﬁ.ulwﬂ.belowforjackctplatformhcati !Tbe
caissons ‘were located in weaker $oil, than for the jacket plat-
fm,withundrainedshearcu'engthsofo.zmo.smume
mudline and from 0 6 to 1.2 ksf at 100 ft. below the mudline,
e - SN AL BLURE RIS IR T SLIFINE 20 L S aowexa
Capacity Analysis.” The sxtespec:ﬁchindcastdataforall
platforms was developed; it indicated a"sharp 'reduction i in
sigmficant wave heights beyond the most intense 2 to 3 one-
hour segments of the storm (which were within +10 degrees
ﬁ'omtheduecuonofthemax:mumstoum) Therefore, the
capacity analysis for only one direction was considered ade-
quate,
, Both 8-leg platforms have similar jacket configurations 1
andpﬂedetmls(seeﬂg.il).lndthe:rulumatccapwtyesu-
mates for the Base Case analysis are 4,000 kaps and 3,200 '
kips. The Case 2 lateral foundation capacity estimates ‘for /
these two platforms are almost identical: 5,000 kips for plat-*
form P-1 and 5,100 kips for platform P-2. The estumates for !
Case 3 analysis are the same as for the Base Case. The lateral'
capacities are estimated to be 25 to 60 percent higher than the
axial capacity estimates for the foundations. | gt e
1, The sauls at platform P-2 are weaker than those at plat-
fmmP—l but the lateral ultimate capacity estimates are es-
senuallyequal Thus results because the lateral capacity de-
pcndsonthcplashcmomcntcapwtyofthepﬂcsaswellas'
sollshcarstrength.” by 2aCiber a3 1w e b wt i "
.k,Platfom P-3 is a 4-leg platform in 62 ft. water depth, °
whlchexpmenoedsngmﬁuntdamagetothcjanketasamult'{
of Humncane Andrew. ,The damage consisted of failure of K ™
and KT joints. The hindcast estimated a maximuom wave !
height of 51.5 ft for this Jocation, which resulted in a total
expected peak loading of 1,800 kips. . The Base Case analysis ‘.
predicted ultimate capacity as 1,600 kips. The Case 2 and -
Case 3 ultimate capacity analysis results were 2,400 kips and ¢/
2,500 kips, which on the average are higher than the maxi-
mum loading The first plastic hinge was predicted at 2,100 |
kips, which are higher than the expected value of the pre- <o
d:ctedmammnmloadmg a7 g L TR S TR PR O Ny
. The predicted system factor (ratio of load level at failure .-t
ofseveralpilesllatcralloadnfaﬂm'eofﬁntpile)forﬂwlat- u
eral capacity (plastification of pile sections) of pile/soil system
was estimated as 1.14 to 1.18, which indicates load redistri- ;
bution among piles for both 4- and 8-leg jacket cases. ' The 7
predicted system factor for pile axial capacity was estimated "t
between 1.2 to 1.3 for both 8-leg jackets, indicating that the i<
load can be redistnbuted from the overloaded to the under- * '
loaded piles. In the case of the 4-leg jacket, the analysis indi- '
cnxedthatnoloadmdxsmbuuonwaspossible(uhlcapndty
system factor=10). ; , ., - « ar ! '
Wray Lorf Wad o fT FIL SRS B
Calibration. The Case 2 and Case 3 capacity analyses results
were used in calibration work to determine two foundation™ « :
bias factors (lateral, By and axial, By). ‘The capacity analyses . *i
indicated that foundation fallmes(latemlmdma])ca.noccur

nety 203, wat aft s 2 rogq dortuennod g e a3
at relatively small dxsplacenwnts (pethaps unobservable by
divers). 'Ihemfom. scveral possible slternative states were
invesugatedtoconsiduthcunoermmesinintupreungob-
servauonsfmmﬁeldinspecnons peanb o ron e L
Foundation Lateral Capacity. The foundation lateral
bias factor (Bq) was determined for the following three pos-+
sible interpretations of no observable damage to the founda~
tions: | ! WIS AR
Dottty s dre
CaseA. Fhllyplasucsecuoneventdldnotoccmmanypﬂc' A
Casce B Fully plastic section events did not occur in several

Fage o r-" F" Jont e ut\‘— T

" piles , v S TR IR AR

Case C. Fully plastic section event did occur in one pile and

“E..gtherswaeundamaged SR LT S ST R T
(r [P R N P’ ' L t T » Hy

The hkchhoodﬁmcnons and postenior distributions were *
devclopedforthcscﬂneecases Fig. 3 shows the likelthood »
functions for jacket platforms and caissons for Case A. s The
prior and posterior distributions of By for Case A are shown
in Fig. 4 The shift in By, is simular foe-b5th 8-leg platforms
The platform P-3 has a minimal effect on the bias factor.

, .The resulting posterior distributions are summanzed in .{
Table 3. The mean values of the postenior distnbutions of By !
wcresamﬂmforbothCaseAandCaseB(CaseA,meanBa= 1
1.32 and Case B, mean By = 1.26) The mean value of the
posterior distribution of By for Case C was the same as that
assumed for the prior distribution (i.e., 1.0). The mean B; for
Case A and Case B reduced by 17% when the effect of three
caissons (which had unequivocal foundation damage during o,
And:ew)wasincluded. .Note that one caisson analysis indi- |7
catednodamagcwouldoowrconu-arytotheobsavedpcr-r*
formance and thus has unconservative bias. ;1 The effect of
caissons for Case A are shown in FIg. 8. o iroani o - vt boedbd

It is clear that the inferred biases in the lateral failure
mode are significantly different for platforms and caissons It
is not clear why this occurs. There are important differences
inthetwostmeuuetypeswhichmaylmpactﬂnsmult ‘This
isanmthatneedsﬁn'tberswdybmintheintmmone .

b2

shouldoonslhﬂ:efollﬁowlngin n these results ', vy,
o W T TV g b a e
L] 'Ihé platt'orm eé; have :igmﬁcant tedl;hdancy and - i

hemecapﬁtyforloadmdmu'ibuuonwhetusthecais-m
sonShavenonc.t PR PENE ILA L S B AV P

hd tmplaﬁammhmmamﬁﬁcammmm 3
require two plastic hinges for a mechanism to develop.
.The caissons are cssentially free headed piles and require - **
a single plastic hinge.~ » t ..ol ww ¥ OF1 W i3rr

o Becauselhetmisaacmdmplm.-,1:140:1.-.undq:rloa,d,'Tpr i
loading effects in the soil may be more significant. , Fur-
(ther, dynam:camphﬁcauonmdfaﬁgucmayalspbem

impomntforthccmssons

.
T R S Tl af s B R =7

P TR RIS T Yt

]

m,xi L, [ s
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Because these dafferences are not well understood caution .
should be exercised in consideration of these results. It would '
secm that particular care should be given 1o the design of
nonredundant structures such as caissons "

Foundation Axial Capacity. The foundation axial bias
factor (Bg) was also determined for the following three pos-
sible interpretations of no observable damage to the founda-
tions®

Case D: Pullout/plunging event did not occur in any pile " °
Case E: Pullout/plunging events did not occur in several piles '
Casc F: Pullout/plunging event did occur in one pile and *
others were undamaged . * b T oy

f LU [ B PATI

The hkelihood functions and postenor distributions were
developed for these three cases * The resulting posteniors are
given in Table 3. Fig. 6 shows the Likehhood functions for *
jacket platforms for Case D. The prior and posterior distn-
butions of B, for Case D are given in Fig. 7. The shift in B,
is similar for both 8-leg platforms, The platform P-3 has a
mimmal effect on the bias factor. .

The mean value of the posterior distnbutions of B, were
similar for Case D and Case E (Case D, mean By, = 1.73 and
Case E, mean By = 1.66) The mean value of the posterior
distribution of By, for Case F was higher than the mean value
assumed for the prior distnbution (1 ¢, 1.3).

5

These results indicate that both platform foundation mean

bias factors are significantly larger than the global mean bias ,
factor of 1.2 determined during Andrew Phase I and that the

two foundation bias factors are very dissimilar, The caissons

bias factors however are considerably lower. Therefore, to

obtainamereahsﬁcreplmnmﬁonofplatformupacity

predictions, the three bias factors should be separated.

Conclusions . ‘. ;

I.Thepredxetedfoundationmcanbiasfactonwueng-
nificantly greater than the global mean bias factor determined
in Andrew Phase 1" indscating the importance of separation -
- of bias factors for different failure modes. Based on the se-
lected observations the predictions of platform foundation *
behavior are more conservative than predictions of overall |,
jxmmcmmﬁa. . T g [ S

2 These bias factors are based on a set (albeit a small
sample) of platforms and thus represent a likely trend of bi- |
mesinthedcsignpmoedums.'!hcyshmﬂdnotbeapphedto
lheanalysxsofspec:ﬁcplatfamswxﬂ:mﬁnﬁwrjusﬁﬁcaﬁon.
Amethmoughuﬁmaﬁonofnuﬂﬁplebiasfambasbeen
done in the Phase II of Andrew JIP' (see companion paper
OTC No 8077’), where three bias factors (one for the jacket
and two for the foundation) were determined from calibration
of 9 steel jacket platforms and using a more elaborate rel;-
ability analysis and Bayesian updating procedure.

-

- - 3 -

3. The defimtions of these bias factors include only foun-
dation survival cases, thus they are hkely to be on'the higher
side. These can be further improved as additional platforms,
subjected to extreme loading, are included in calibration
Platformw:dxfoundaﬁondamagewmldbeusefulaslhey
tend to provide a lower limit to the foundation bias factors,
The caisson cases provide a different trend in the foundation
lateral bras factor. There is a need for better understanding of
the bias factor which can be gained by including sutable ,
Jacket platforms. " v e

4. The results of the study suggest that the analysis pro-
cedures used for predicting load and resistance are more con-
scrvative in the axial mode than in the Iateral mode. |

5. Thus study has shown that it is important to assess the
platform capacity in different modes and that this can be done
by arficaally strengthening elements to suppress unwanted
fatlure modes.' The possibility of affecting interacting modes
should be considered however. ’

6 There is a need to perform similar studies in other
geographical regions to determune the_biases in pile founda-
tions in soils, which differ from the Gulf of Mexico platforms
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“probabliity of Fellure Formulation .. ; .. , -,
'Ihepmbabuhtydfaﬂmofaplat&lm(glmaspeaﬁedbms
B=b) was calculated by numerical integration as follows: . :. , .

1,];&-‘;‘4‘]‘04'\" ﬂ.;,;g}“ L TR

!@) = P[bm<1] Vo {*rza {m{H weda

""'s.[ ¢ agjz[l F,(bx)}f,(x)dx oo M RIS (A-.l))

wall

wherefi; is the capacity probability density function (PDF), Fs is »
the cumulative distribution function (CDF) of load, and b repre-
sents a specific value of the bias in the wave force and ultimate )
capacity procedures. Failure is presumed to be associated with
bR/S < I rather than R/S < 1. A lognormal distribution, with a
specafied median and COV, was assumed for R, ~ogiey ' o !

. The cumulative density function (CDF) for the maximum
base shear, F,.dn'ingﬂlcmuln-han'(midn'ecumal)‘%torm"as‘
Mnd”ﬂlm Faty wos 1” '

LT A BN IITEE LT L Lo toap !l oPadid
i< Foroe o ]
F(-’) r]:-‘n £ i P RN LG PR

L'T{IF (xiH=th=u)aﬁ f“ (HH 'w=h )ﬂl} JEUAREER

m.f.,(en f.,(ea)'k ds:':nez b, r') AL nons e
4y |H{A2)

[ B nt a7 i f~1.
sy q 3
NIRRT NS zu..i oeet,g s bl o KL B
b oG, b W e ne s Tade o e T

ff,a0ne, o 4o

in which N; denotes the number of random waves in an hour |
with significant wave height, (h,) and current (). €, and €, ‘are 3
the probahility density functions (PDFs) 'of the “errars” in the 1
hmdastoftbcugniﬁmntwavehdghtsandmmntsrespecﬂvdy’
during Andrew." Note that in this equation hy= (Hy'€;) and =’
(U €2),"where Hy'and Uy are the hindcast estimates. 7 & ©f." I
The base shear is calculated from the following model: * -t~

BS=Ci[h+C; UrP f"*@ﬁ'(m)-f'
RN I LURY B T B o AR W R £4 1S T <

inwh:dihisamhdgmmduinumt,whﬂeCnQand
Cs are "cocfficients specific (to ' a"pmanarﬂplmm"md”
mvduxrmtdxremmaa(fumdbyﬁmngmisanpnialeqm-
umtocnlaﬂatedbaae:heusfuvaﬂanpahsdhmduvalm)."
&Mmhmmmmwmm i
vaﬁabihtyandismnnedﬁohwealog—nannldmﬂih:&m The"”!
H is as-
sumed to follow the empirical Forristall distribution® * ™~ - !
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Table 1-- Distributions of random varlables used in rellabllity analysis

hem Nomeaclature Distribution + Expected Value oov _ .. Remarks e e e
Capacity R Log-Normal per malysis 020 for Iateral foundation eapacity :
0.30 for axial foundation capacity
Individual wave heighe HH, ' [Fomistal per hindcast | per fonnula - B
1 . e
Error in sigmficant g, _JLog-Normal ° 100 ¢10 ) "3) ;
m!e_iﬂ(m % ls.; -
Exror in carrent (U) g . |Log-Nomal 10 ors . - N
Error in formulation used to €, Log-Normal 1.00 0.20 case with wave-below-deck (#1)
comgnite base shear (S) T e 025 case with wave-in-deck (#1)
oy Wmhugh:mupondmgtopushomlmduphfmnapadty,
. W
Table 2 Sallent characteristics of platforms used In callbration
Platform Year Water Number of Pile - * +% { Performance During ¥
Installed Deph(t) |  teguipiles Drameter (inch) Hurricane Andrew
Jacket Platform, P-1 1963 137 8 30 Minor damage to jacket and
10 damage to foundation
Jacket Platfosm, P-2 1965 142 8 30 K and X joints teared and
1o damage o foundation
Jacket Platform, P-3 1969 62 . 4 36 K-joints sesred and no
- .t - 1o the foundation -
Caisson, C-1 1984 s AN B 30 . Lemned 12 degree .
Caisgon, C-2 P 1983 5 ) 1 Leaned 15 degree
Caisson, C-3 1983 50 1 Leaned 30 degree |, |
i - " e ¢ ¢
Table 3— Summary of bias factor distributions , . ) .
! ' Only Jacket Platforms - Jacket & Cais son .
Calibeation Case Mean ooV Mean T ooV
Biss (Error in Bias) - Bing {Error in Bias)
Foundation Lateral Bias Factor. By (#1) - ’ -
Case A i 132 0.17 109 - 015
CaeB 1.26 018 104 L [ TN
Case C 1.00 016 0.91 . 014 '
HFomdaﬂonAxiaIBia: Factor, B¢ (#2)
Case D 173 017 - - -
v CascE 1.66 018 - -
. Case F 153 018 - -

oy mmuman.mmwumofmmcov«oao.
(¢ 23] mmman.mmwumonsmoov«m.

M (-
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